INTRODUCTION

Background
Immunotherapy has become a leading paradigm for the treatment of cancers. Cancer immunotherapy aims to empower a patient's own immune system to target and eliminate their own cancer. 1 Recently, the US Food and Drug Administration has approved several immunotherapies for the treatment of malignancies, including programmed death receptor-1 and cytotoxic T lymphocyte antigen-4 immune checkpoint blockades 2 and the oncolytic virus (OV) T-vec. 3 The current focus of these cancer immunotherapies is to unlock the killing potential of a patient's existing anti-cancer cytotoxic T cells. However, studies are continuing to reveal the contributions of other immunological pathways, both innate and adaptive, in driving potent anti-cancer immune responses.
Cancer therapy has benefitted enormously from the discovery and development of monoclonal antibodies. 4 For treating cancers, several monoclonal antibodies targeting cancer-related antigens have been clinically tested and used, including anti-human epidermal growth factor receptor-2 5, 6 and anti-epidermal growth factor receptor, 7, 8 for breast and colorectal cancers, respectively. The limited success achieved with cancer-targeting monoclonal antibodies is due to the requirement that patient tumors overexpress the target. However, many tumors can escape from antibodies by selection and amplification of clones that downregulate targets. 9, 10 Despite these results, the clinical use of monoclonal antibodies highlights the potential for tumor antigen-targeting antibodies to contribute to cancer therapies and warrants the investigation of their roles in cancer therapies currently under development.
Antigen-agnostic immunotherapies focus on driving potent immune responses against an array of tumor antigens represented in a patient's tumor, without the requirement to define them. A patient's specific tumor neoantigen catalog is therefore targeted by their existing T cell repertoire, and the efficacy of therapy is proportional to both the tumor neoantigen load and the existence of T cell clones able to recognize them. [11] [12] [13] [14] [15] We recently developed a method to detect tumor-specific T cell responses to antigen-agnostic immunotherapies. 16 This method relies on the presentation of bulk tumor antigens in the context of major histocompatibility complexes on cancer cells to T cells ex vivo, which can be quantified by flow cytometry. We reasoned that the principle of using cancer cells as targets to detect tumor antigen-specific T cells following the use of antigen-agnostic cancer immunotherapies could be extended to the detection of tumor-associated antibodies.
We describe herein a method similar to the in-cell western blot, which uses autologous tumor cells as reservoirs of bulk tumor antigens to bind to serum-or plasma-derived antibodies that can subsequently be detected using species-and isotype-specific fluorochrome-conjugated antibodies for quantification via assessment of relative fluorescence intensity. This method can also be applied to detecting virus-specific antibodies, which is relevant to any treatment that relies on the use of viruses, such as oncolytic virotherapy. This provides a valuable method that can be added to the toolbox of preclinical cancer researchers to evaluate the role of endogenous antibodies induced by antigenagnostic immunotherapies and can help inform the design of future cancer therapies. Collect blood from mice in 1.5-mL microfuge tubes.
MATERIALS
B Collecting $200 mL blood will yield $50 mL plasma for analysis.
B Maximizing the blood volume will maximize the sensitivity of the assay but adhere to institutional guidelines. The work presented here was approved by the University of Guelph Animal Care Committee and adhered to the policies published by the Canadian Council on Animal Care. Place tube containing blood on ice until sample collection is complete. Centrifuge blood at 500 Â g for 10 min at 4 C. B A range of dilutions should be tested for each experiment to identify one that is optimal (the range will vary depending on the concentration of antibodies induced by a given therapy, with more potent therapies requiring a greater dilution range). Remove the blocking solution. Add 50 mL diluted plasma or serum samples to target cells.
B Do not add plasma or serum to one row of target cells. This will serve as a secondary antibody-only background control. Incubate for 1 h at room temperature. Pause point: incubation with plasma or serum can be extended to overnight at 4 C. Remove plasma or serum from wells and wash three times with 50 mL HBSS+Mg 2+ to remove unbound antibodies. Dilute the secondary antibody, Alexafluor-488-conjugated goat anti-mouse IgG(H+L), to 1/2,000 in 1% BSA-PBS. Add 50 mL secondary detection antibody to each well (including the row of control wells that get treated with the secondary antibody only) and incubate for 1 h at room temperature in the dark. Remove the secondary detection antibody and wash three times with 50 mL HBSS+Mg 2+ . Quantify fluorescence using a plate reader with a 490 nm blue filter. Optional (but recommended): confirm the quality of antibody detection using a fluorescent microscope.
B Secondary-only controls should have little to no fluorescent background.
B Test samples for which antibody responses are expected should have an intact monolayer of fixed cells with variable fluorescence.
Data Analysis
Refer to Figure 2 . Data can be plotted as fluorescent units (FU) and then used to calculate the area under the curve formed after plotting the results from the five-dilution series on a x-y graph. The mean FU from control wells treated with the secondary antibody only define the background signal and can be subtracted from the fluorescence intensity of experimental samples. Data can be expressed as area under the curve following subtraction of the background or as the fold-change in area under the curve of treated mice compared to untreated mice.
Timing
Approximate Time Based on an Experiment with 20 Mice
Typical time to detectable antibody response: 10-21 days. Kinetics of antibody responses can be determined using this method by sampling blood on multiple days; we chose The outcome of this assay depends on the use of cells that serve as reservoirs of target antigens. The antibodies are derived from mouse plasma or serum and bind to antigens in or on permeabilized tumor cells. Antibodies bound to antigens that are retained after washing are detected by an anti-mouse immunoglobulin G (IgG) secondary antibody conjugated to a fluorochrome (this antibody could be switched to look for other isotypes). For adherent tumor cells, each well must consist of a confluent monolayer to ensure a consistent number of available targets for all samples and to minimize background fluorescence due to non-specific binding of secondary antibodies to the plate. Incomplete monolayers or loss of cells during the experimental procedure can result in variability and artificially low on-target signals due to a reduction in the quantity of target antigens.
Adherent tumor cell lines vary in their ability to adhere to commercially available polymer-coated culture plates. To maximize adhesion of target tumor cells, we pre-coat cell culture plates with FNC coating mix. Additionally, all washing steps are performed with HBSS containing Mg 2+ , which retains ions critical for cellular adhesion. Before beginning the assay, wells should be visualized by brightfield microscopy to ensure confluency, and any that do not meet quality control criteria should be excluded. The cell monolayers should be inspected again just prior to or just after quantification of fluorescence as a final quality control check.
Tumor cells differ in their growth kinetics and response to contactinhibition. It is important to evaluate each target cell line for the optimal initial seeding density and growth time to achieve complete confluency at the time of the assay.
Dilution of Plasma or Serum Samples and the Secondary Detection Antibody
The sensitivity of this assay relies on optimizing the dilution of plasma or serum samples. At extremely high plasma or serum concentrations, there is an increased risk of non-specific binding of antibodies to target cells, leading to a plateau in terms of how much fluorescence a plate reader can detect. To resolve these issues, it is recommended that a range of plasma or serum dilutions are included for each sample in each experiment, especially if relatively high-magnitude secondary responses are being assessed. This can be easily accommodated in the 96-well plate format (Figure 3 ). Figure 4 shows results using an ideal dilution range for plasma samples, thereby facilitating relative quantification of antibodies by calculating areas under the curves. This harnesses the power of the dynamic range of the assay. To confirm the selection of proper dilutions, samples should be visualized by fluorescent microscopy.
Similarly, the fluorochrome-conjugated secondary antibody should be tested at a range of dilutions to ensure optimal detection of plasmaor serum-derived antibodies bound to target cells, without producing a substantial signal in target cells that have been treated with only the secondary antibody. We have identified a 1:2,000 dilution as optimal in our experiments. However, this should be tested for every secondary antibody that is used. This can be easily accommodated in the 96-well plate format. Proper dilutions of secondary antibodies can be confirmed by fluorescent microscopy.
Preparation of Assay Controls
Secondary Antibody-Only Background Controls. Non-specific binding of secondary antibodies can occur, especially when they are used at high concentrations. We recommend testing a series of dilutions of the secondary antibody with target cells to determine a dilution that fails to yield a significant fluorescent signal on the plate reader. This can be confirmed by fluorescent microscopy and should yield results similar to wells with target cells that were not treated with the secondary antibody. When quantifying immunotherapy-induced antibody responses, secondary antibody-only controls are required to remove background cellular auto-fluorescence from all experimental data.
Off-Target Cell Controls. In-cell western blotting can be conducted with tumor cells that are different from those used for tumor implantation. This would serve to identify antibody responses against antigens shared between different cancer cells. Alternatively, or in addition, normal cells could be used to determine if antibodies are detecting antigens that are not cancer-specific. Note that, in many cases, antibody responses to "normal cell" controls would be expected. For example, if treating melanomas, off-target responses to normal melanocytes that share immunodominant antigens (e.g., enzymes associated with melanogenesis) could be substantial. Also, antibody responses to so-called "universal" tumor-associated antigens, such as telomerase reverse transcriptase or survivin, would be expected to cross-react with many normal cells that also express these, albeit typically at lower levels. Therefore, it is important to include a sham-treated control group in each experiment to prove that antibody responses are truly therapy-induced.
Uninfected Off-Target Cell Controls for Virus-Specific Antibody
Detection. This control is critical for reducing background when applying this technique to detecting virus-specific antibodies following OV therapy. Oncolytic virotherapy could induce antibody responses against conserved cellular antigens that are not tumorspecific. Although utilizing cells from a different species mitigates this risk, the inclusion of uninfected off-target cell controls allows for background fluorescence readings from these wells to be subtracted from the values obtained from test wells.
Anticipated Results
Detecting Immunotherapy-Induced Antibody Responses in Mice Treated with OVs
To test the in-cell western blotting protocol for detecting immunotherapy-induced antibodies, we used a C57BL/6 murine model of orthotopic, syngeneic ID8 epithelial ovarian carcinomas, as has been previously described. 17 Sixty days following tumor implantation, we treated mice with an OV known as Orf virus (OrfV 18 ) that was injected into the peritoneal cavity. Ten days following treatment, blood was collected and plasma harvested for the in-cell western blotting assay. ID8 cells were used as targets and plasma samples were diluted following the format shown in Figure 3 . Plasma samples were run through the in-cell western blotting protocol in three independent assays, with each assay containing intra-assay secondary antibody-only controls. Plasma samples collected from tumor-bearing mice that were untreated yielded relatively low fluorescent signals following removal of background (Figure 4 ). In contrast, mice treated with the OV had evidence of therapy-induced antibody responses. Greater fluorescent signaling in test wells compared to control wells was confirmed by fluorescent microscopy ( Figure 5 ). These significant differences between treated and untreated mice demonstrated that the in-cell western blotting assay could detect treatment-induced changes in the antibody repertoire following administration of an immunotherapy expected to induce a humoral response. It is important -PD-1) . Control mice were untreated. ID8 cells were used as targets for the in-cell western blotting assay, in which plasma was diluted across a range from 1:10 to 1:1,000 before detection using AlexaFluor488-conjugated rabbit anti-mouse IgG diluted 1/2,000. Fluorescence was quantified with a plate reader using excitation and emission wavelengths of 490 nm and 525 nm, respectively. (A) Immunotherapy-induced antibody responses across the full range of plasma dilutions represented as relative fluorescent units following removal of secondary antibody-only control values. To capture the effects of the dynamic range of this assay, these data were used to calculate (B) areas under the curve, which could also be shown as (C) bar graphs. Data were from a single representative in vivo experiment in which archived aliquots of plasma were tested at three independent times using the same assay. Technical duplicates were included in each test. The data points represent the mean fluorescence across all three tests. Means and SEs are shown, with p values determined by (A) two-way analysis of variance using Tukey's multiple comparisons test and (C) Student's unpaired two-tailed t test.
to note that these antibody responses were "therapy-induced" or "tumor-associated" and not necessarily tumor-specific, as some responses against antigens shared with off-target normal cells is common with many antigen-agnostic approaches.
Evaluating the Kinetics of a Tumor-Associated Antibody Response Induced by OV Therapy
To demonstrate the potential of using the in-cell western blotting assay to assess the kinetics of an antibody response, BALB/c mice were challenged intravenously with syngeneic K7M2 osteosarcoma cells to establish lung metastases. Four days following tumor challenge, mice were treated with an immunotherapy in the form of an OrfV-infected K7M2 cell vaccine (ICV). Since blood collection is a non-terminal procedure, plasma could be obtained from mice 10 and 21 days following treatment. K7M2 cells were used as target cells, and plasma samples were analyzed in three separate in-cell western blotting assays. Mice treated with the ICV had significantly higher magnitude tumor-associated plasma antibody responses compared to untreated control mice at day 10 ( Figure 6 ), which significantly increased by 21 days following treatment. Untreated tumor-bearing mice had reached endpoint prior to the second blood collection, therefore precluding our ability to include these controls at the second time point. This confirmed the in-cell western blotting assay could be applied to analyze the kinetics of antibody responses induced by cancer immunotherapies.
Detecting OV-Specific Antibodies
Due to the immunogenic nature of viruses, OV therapies induce potent virus-specific immune responses. We reasoned that using off-target cells infected with the OV would enable the in-cell western protocol to be applied to detecting virus-specific antibodies. C57BL/6 mice bearing orthotopic ID8 ovarian cancers were treated with OrfV 60 days following tumor challenge, with plasma collected 10 days following initiation of treatment. Vero African monkey kidney cells were used as off-target cells, as they should share relatively few antigens with murine tumor cells. Vero cells were plated and allowed to adhere before infection with OrfV at an MOI of 10 for 12 h. We reasoned that this would expose every cell to the virus to maximize production of viral proteins, without killing a substantial number of cells. The in-cell western blotting assay was then conducted as previously described, except for the addition of uninfected Vero cells as a negative control. Mice treated with OrfV had potent virus-specific antibody responses, as depicted by an overall increase in fluorescent values compared to plasma from untreated animals ( Figure 7) . A gold standard for quantifying virus-specific antibody responses is by virus neutralization assays, wherein infection is inhibited by pretreatment of permissive cells with antibodies present in serum or plasma. Virus neutralization can be analyzed by plaque assays or flow cytometry. 19, 20 However, the importance of non-neutralizing antibodies in resistance to viral infections, which, by definition, would not be detected by classical virus-neutralization assays, is well described. [21] [22] [23] [24] The in-cell western blotting technique is not limited to detecting neutralizing antibodies, as both structural and nonstructural virus proteins would be expressed by infected target cells. The application of this technique to detecting virus-specific Figure 5 . Visualization of Immunotherapy-Induced Antibody Responses by Fluorescent Microscopy Plasma from an untreated tumor-bearing mouse (top panels) and serum from a tumor-bearing mouse that received oncolytic virotherapy (OV; bottom panels) were analyzed using the in-cell western blotting protocol. Plasma samples were diluted 1:100 and added to permeabilized and fixed tumor cells in plates. Therapyinduced antibodies bound to cell-derived antigens were detected by a rabbit anti-mouse IgG conjugated to AlexaFluor488 diluted 1/2,000. Brightfield and fluorescent images were captured with a camera mounted on a microscope at 20Â magnification, with identical exposures for untreated and OV-treated samples. antibodies will endow researchers with a tool to model antibody responses to the entire repertoire of viral antigens, which can be combined with traditional assays to identify neutralizing antibodies.
In conclusion, this protocol provides a detailed methodology for detecting tumor-associated antibody responses following antigenagnostic immunotherapies. In theory, the in-cell western blotting method could be applied to any antigen-agnostic therapy capable of inducing tumor-associated antibodies, including, but not limited to, chemo-and radiation therapies that induce immunogenic cancer cell death, and should be amenable to any transplantable murine tumor model. Autologous tumor cells serve as reservoirs of target antigens and, theoretically, every relevant tumor antigen not generated de novo in the animal is represented. Therefore, this method could also be potentially useful for assessing antigen spreading following antigen-specific immunotherapies. Further, we demonstrated that this method can also serve as an alternative to other techniques for assessing antibody responses to pre-defined tumor antigens by expressing the known target antigen in a cell line that normally lacks expression of the protein (Figure 8 ).
The experiments presented herein apply the antibody detection method to primary responses to tolerized tumor-antigens, which are expected to be of low magnitude. This method would also be useful for detecting secondary antibody responses, for example, in patients that have pre-existing tumor-associated antibodies at the time of initial treatment or that receive multiple rounds of treatment. Blood collection is not terminal, so therapy-induced antibody responses can be monitored over time in the same animal and correlated to clinically relevant outcomes, such as survival. The protocol presented here has been optimized for adherent tumor cell lines, but, in principle, could be applied to cancer cells that grow in suspension, extending the application to hematological malignancies such as leukemias if flow cytometry were to be used to quantify fluorescence. More detailed studies of tumor-associated or virus-specific antibody responses can be performed using secondary detection antibodies against other immunoglobulin isotypes. The studies described herein focused on detection of IgG, but detection of other isotypes, such as IgM or IgA, could be easily included and used to analyze class-switching and type 1 versus type 2 immune response biases throughout the course of the antibody response. Since the only major prerequisite for this protocol is the existence of a target tumor cell line, we envision that this method could be applied clinically. For example, tumor cells could be collected from patients and cultured to generate polyclonal cell lines ex vivo. Samples to facilitate this would be acquired anyway for therapies such as infected cell vaccines. Patient-derived tumor cell lines would then be applied in the method presented herein to monitor therapy-induced antibody responses. Indeed, we conducted proof-of-principle studies to demonstrate the translational potential of this method. Specifically, we successfully generated polyclonal cancer cell lines from osteosarcoma metastases excised from two dogs. In both cases, this was accomplished in less than 3 weeks. This timing would facilitate the assessment of most primary antibody responses at or near their peak.
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